In 1979, Gerald Lower and colleagues published the first epidemiologic study to directly test the hypothesis that individuals exposed to aromatic amines would be at higher risk of urinary bladder cancer if they had the slow acetylator phenotype. 1 Not only was the paper a landmark in the history of bladder cancer carcinogenesis, it was one of the very first efforts to study the effect of a metabolic polymorphism on risk for any cancer. Lower began his paper 1 by summarizing and integrating the empirical and conceptual basis for his hypothesis. After noting the initial observation of the bladder cancer excess among dye workers by Rehn in 1895, 2 he described the key findings by investigators who had made seminal observations in the epidemiology of bladder cancer; performed the fundamental experimental studies of aromatic amine carcinogenesis; made the key clinical observations that the slow N-acetylation phenotype was associated with isoniazid neurotoxicity; carried out genetic studies of acetylator phenotype; and linked acetylator phenotype with rapid and slow N-acetylation of aromatic amines (citing work by Case, Cole, Hoover, Fraumeni, and Wynder; Hueper, James and Elizabeth Miller, Poirier, King, Radomski, John and Elizabeth Weisburger, and Kadlubar; and Hughes, Evans, and Weber, among others). Lower had also carried out his own studies of aromatic amine carcinogenesis while at the University of Wisconsin-Madison, well before his epidemiologic studies, reporting in 1973 on the relative ability of liver cytosols from several species including the dog to N-acetylate 4-aminobiphenyl and 2-aminonapthelene. He then went on to integrate his findings with previous observations, particularly reports that several arylamines were carcinogenic in the dog, which cannot N-acetylate, to lend support to the hypothesis that N-acetylation was not necessary for aromatic amine-induced bladder carcinogenesis, and was, in fact, a likely detoxification mechanism. 3 Lower was compelled to directly test this hypothesis in human populations, and carried out two small case-control studies of slow acetylator phenotype and bladder cancer. He studied 71 cases and 74 controls from Copenhagen, and 115 cases and 118 controls from a rural region in Sweden. He reported in his 1979 paper a suggestive increased effect for the slow acetylator phenotype [odds ratio (OR) ¼ 1.74, 95% confidence interval (CI) ¼ 0.85-3.59] in the former, and no association in the latter (OR ¼ 1.13, 95% CI ¼ 0.63-2.04). Lower speculated that the positive association might reflect higher exposures to aromatic amines in the urban setting of the Danish study, and this hypothesis received further support in a subsequent review in which the effect of acetylator phenotype on bladder cancer risk was compared among studies with and without documented exposure to aromatic amines. 4 However, the CIs suggest that the effects from his
Danish and Swedish studies were consistent with each other, and with our overall meta-analysis estimate of the main effect of slow acetylation and bladder cancer risk (OR ¼ 1.37, 95% CI ¼ 1.22-1.54, P ¼ 2 Â 10 À7 ), among Caucasians only, and among Caucasians in European studies ( Figure 1 ). In fact, the central pooled estimate of his two studies (OR ¼ 1.35, 95% CI ¼ 0.86-2.10) is very similar to that from the meta-analysis of the 22 studies in Caucasian populations carried out subsequently! Lower finished his article with a discussion of some of the basic and now well-established principles of molecular epidemiology, which was probably the very first description of a broad framework for considering the application of biomarkers in cancer epidemiology. 5 He emphasized the multi-disciplinary nature of the evolving field of molecular epidemiology, and noted the key importance of collecting detailed information on external exposure, including age of initial exposure, intensity and duration; the use of biologic markers to show that external agents are absorbable; the importance of broadly assessing individual susceptibility including both activation and detoxification capacity; and the need to study how these factors relate to each other. It was also clear that he was interested in the broader societal, philosophical and organizational context of scientific inquiry, which he developed further in an article in 1982, 6 and which became and still is an important focus of his life.
Much has ensued in the study of the acetylator phenotype and genotype, aromatic amine exposure and bladder cancer since the publication of Lower's paper in 1979, both in the laboratory and in population studies. A key advancement is our understanding that the slow acetylator phenotype reflects the metabolic capacity of the N-acetyltransferase 2 (NAT2) isozyme. The molecular biology and biochemistry of NAT2 and its many functional variants has been recently reviewed. 7 Here, we There are two lines of research that ensued from Lower's observations-one in the general population setting, where bladder cancer is caused overwhelmingly by tobacco, and the other in the occupational setting, among workers who could have been exposed to very high levels of carcinogenic aromatic amines in their workplace. To summarize the effect of NAT2 slow acetylation phenotype and genotype, we have updated our previous meta-analysis. 8 We have identified a total of 36 studies that have analysed NAT2 phenotype or genotype and bladder cancer, and were carried out in a general population setting. We excluded studies that were formally, or informally, nested within cohorts of workers exposed to aromatic amines, as well as studies carried out where infectious agents are likely to be a key aetiological risk factor (i.e. shistosomiasis endemic regions).
The overall pooled estimate of NAT2 slow acetylation and bladder cancer risk is highly significant (Figure 1 ). As the test for heterogeneity of OR across studies is significant (Figure 1 ), we stratified studies by ethnicity and geographic region i.e. Caucasian (and within this group, studies in Europe and the USA), and Asian. The estimate for the 24 studies that have been conducted among Caucasians was homogenous and without evidence of publication bias ( Figure 1 ). The estimated effect is weaker in the US than in Europe, however, most studies have been relatively small, and a final conclusion about the association may change, as results from a number of larger studies should be available in the not-too-distant future. We note that a study testing this hypothesis in Caucasians would need at least 670 cases and 670 controls to be able to detect the current estimate of the effect of NAT2 slow acetylation with 80% power, which is larger than any single published study to date in the US (Figure 1 ). We found a borderline, statistically significant effect among Asians, of similar magnitude to that observed in Caucasians. However, power to detect a risk of 1.37 is substantially lower among Asians compared to Caucasians, given the markedly lower prevalence of the NAT2 slow acetylator phenotype in the former. Indeed, one would need to study at least 1200 cases and 1200 controls to detect an OR of 1.37 in a study of Asians (assuming a genotype prevalence of 14% and power of 80%), larger than the total number of cases from all studies published to date (Figure 1 ). Can we conclude that the association between NAT2 slow acetylation and bladder cancer in the general population is a true positive finding? There is a large body of work from experimental in vitro and in vivo studies, and from studies of intermediate endpoints in humans, 9, 10 that support the biological plausibility of the association and justify a relatively high prior probability that the association is likely. 11 Given the observed relative risk estimate, 95% CI, and associated P-value from our meta-analysis (Figure 1 ), we can reasonably conclude that there is a high likelihood that the association is a true one, using criteria that have been proposed by several investigators, 11, 12 and that Lower's basic hypothesis has been confirmed. We have used a case-only approach to test Lower's prediction that NAT2 slow acetylation is likely to impact on bladder cancer in the general population more substantially among those who are exposed to aromatic amines, i.e. smokers. We found evidence of a significant, albeit modest multiplicative interaction that satisfies tests of heterogeneity ( Figure 2 ) and is without evidence of publication bias. However, the magnitude of the effect, the 95% CI and the associated P-value of the association ( Figure 2 ) are such that the interaction cannot be accepted with certainty, and will require confirmation by additional data. Further, stratification of the analysis by ethnicity and geographic location suggests that the interaction is present only among European studies, with little evidence in US or Asian studies. However, the meta-analyses of studies in the US and Asia are both underpowered (i.e. the minimum sample size required to attain 80% power to detect an interaction of 1.39 was estimated to be about 1800 and 3100 cases, respectively- Figure 2) . Nevertheless, this observation does lend some support to the hypothesis that the higher aromatic amine content present in black tobacco, 10 used much more commonly in Europe, provides conditions where the influence of NAT2 phenotype on bladder cancer risk may be greatest, and that at lower aromatic amine concentrations NAT2 phenotype could be less relevant. Indeed, in the largest study of NAT2 genotype, tobacco use, and bladder cancer reported to date, which was carried out in Spain, the data suggested that the interaction between NAT2 genotype and tobacco is stronger with increasing level of tobacco intensity. 8, 13 At the same time, others have suggested that such interactions might be expected to take place primarily among those exposed to lower levels of tobacco. 14 We note that a recent Bayesian analysis of NAT2 phenotype/genotype and bladder cancer studies found convincing evidence that NAT2 slow acetylation was associated with bladder cancer, but only among smokers. 15 The second line of research that was inspired and explicitly recommended by Lower was the study of populations with high occupational exposure to aromatic amines. 1 In this instance, findings have turned out to be more complex than Lower anticipated. The NAT2 slow acetylator phenotype/genotype has been associated for the most part with increased risk of bladder cancer among workers exposed to aromatic amines 4,16 (though usually not specified as to type, and if so, without the provision of supporting data), beginning with Cartwright's notable paper in the Lancet, 17 although the magnitude of the effect he reported for slow acetylators (OR ¼ 16.7, 95% CI ¼ 2.2-129.1) has not been replicated. In contrast, two studies of bladder cancer among workers with documented exposure to benzidine, 18, 19 from a cohort of workers in China with a 25-fold increased risk of bladder cancer overall and a 158-fold excess among the highest exposed workers, 20 found that NAT2 slow acetylation was protective, with a pooled estimate of OR ¼ 0.3 (95% CI ¼ 0.1-1.0). 19 In addition, a study of workers exposed to benzidine or benzidine-based dyes found that the predominant DNA adduct in exfoliated urothelial cells was N-acetylated. 21 Further, experimental studies have shown that the N-acetylation of benzidine, an aryldiamine, produces a far better substrate for subsequent oxidation to its hydroxylamine. 22 This body of work suggests that in contrast to arylmonoamines, such as 4-aminobiphenyl and 2-naphthylamine, N-acetylation of aryldiamines such as benzidine is an activation rather than a detoxification step. Further complicating the situation is that LOWER, N-ACETYLATION, AND BLADDER CANCERbenzidine is a better substrate for NAT1 than NAT2. 23 Taken together, it would seem that the NAT2 slow acetylation does not increase risk for bladder cancer among workers exposed to benzidine and may in fact be protective. Since Lower's 1979 paper, other potential modifiers of the aromatic amine and bladder cancer relationship are coming to light, as a broad approach to identifying sources of susceptibility for bladder cancer is being applied in current studies. These include evidence that water intake, 24 urination frequency, 25, 26 and acidic urine pH (which can substantially shorten the time needed for aromatic amine glucuronides to deconjugate and become bioavailable), 22, [25] [26] [27] [28] may alter risk of bladder cancer. There are no consistent findings for studies of variants in genes that activate aromatic amines (e.g. cytochrome P450 enzymes), an area of research that Lower also recommended, which is likely due to the fact that genetic variation in several key genes that oxidize arylamines may be masked by environmental factors that affect enzymatic expression and activity. In contrast, there is evidence that genetic variants in other processes relevant for aromatic amine carcinogenesis, particularly nucleotide excision repair, [29] [30] [31] may impact bladder cancer risk. In addition, functional studies using assays in cultured lymphocytes, such as DNA repair capacity of damage induced by 4-aminobiphenyl, 32 and the mutagen sensitivity assay, 31, 33 also are showing that DNA repair and other factors reflected in these assays are likely to be important in bladder cancer carcinogenesis. Finally, the ability to achieve the large sample sizes needed to explore the subtleties of interactions between variants in NAT2 and other genes and intensity and duration of exposure to tobacco and occupational and environmental carcinogens has been facilitated through the efforts of the Genetic Susceptibility to Environmental Carcinogens (GSEC) database (http://www.upci.upmc.edu/ research/ccps/ccontrol/g_intro.html), 8, 16, 34, 35 and the recent formation of the International Consortium of Case-Control Studies of Bladder Cancer, which includes almost every active casecontrol study of bladder cancer in the world. The foundation of the aromatic amine and NAT2 acetylation hypothesis was based on an extraordinary series of observations by epidemiologists, toxicologists, clinicians, pharmacologists and geneticists; integrated and first tested by Lower; and followed up by molecular biologists who cloned NAT2 and demonstrated the unequivocal functionality of its most important variants, 7 and by molecular epidemiologists who tested ' s tests were also non-significant. The minimum sample size required to attain 80% power to detect an interaction between NAT2 slow acetylation and smoking status in Caucasian European populations was estimated to be 1793 cases for a case-only design (assuming an interaction OR of 1.39, prevalence of ever having smoked cigarettes of 59%, prevalence of NAT2 slow acetylation of 58%, OR of ever smoking of 2.5, OR of NAT2 slow acetylation of 1.37 and independence of NAT2 genotype and smoking status in the control population). 38 To detect the same interaction in an Asian population would require 3088 cases (parameters are identical to those used in calculations for Caucasians except for prevalence of NAT2 slow acetylation of 14%).
Lower's hypothesis in population studies in many parts of the world. Lower's body of work, those who inspired it and those who came afterwards serve to remind us of the importance of incorporating biologically-based hypothesis-driven basic research into epidemiological studies. Furthermore, as we venture into the era of agnostic genome-wide association studies using tag markers, this history teaches us that future findings of association will need to be replicated in diverse settings, followed up by identification of biologically meaningful and relevant variants, and tested for interactions with well characterized and measured exposures. All students and practitioners of molecular epidemiology would be enriched by studying this historical saga.
